ABSTRACT: Polyelectrolyte brushes are of great importance to a wide range of fields, ranging from colloidal stabilization to responsive and tunable materials to lubrication. We synthesized high-density polystyrenesulfonate (PSS) brushes using surface initiated atom transfer radical polymerization and performed neutron reflectivity (NR) and surface force measurements using a surface forces apparatus (SFA) , while all significantly affecting the structure of PSS brushes, show strong ion specific effects that are related to the specific interactions between the divalent cations and the sulfonate groups. Our results demonstrate that the presence of multivalent counterions, even at relatively low concentrations, can strongly affect the structure of polyelectrolyte brushes. The results also highlight the importance of ion specificity to the structure of polyelectrolyte brushes in solution.
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ABSTRACT: Polyelectrolyte brushes are of great importance to a wide range of fields, ranging from colloidal stabilization to responsive and tunable materials to lubrication. We synthesized high-density polystyrenesulfonate (PSS) brushes using surface initiated atom transfer radical polymerization and performed neutron reflectivity (NR) and surface force measurements using a surface forces apparatus (SFA) to investigate the effect of monovalent Na + , divalent Ca , while all significantly affecting the structure of PSS brushes, show strong ion specific effects that are related to the specific interactions between the divalent cations and the sulfonate groups. Our results demonstrate that the presence of multivalent counterions, even at relatively low concentrations, can strongly affect the structure of polyelectrolyte brushes. The results also highlight the importance of ion specificity to the structure of polyelectrolyte brushes in solution.
INTRODUCTION
Surface tethered polyelectrolyte brushes are scientifically interesting and technologically relevant to many applications, including colloidal behavior, 1−5 lubrication, 6−8 drug and therapeutic delivery, 9 biological interactions, 10−12 coatings, 13, 14 and adhesives. 15−20 Recently, stimuli-responsive polyelectrolyte brushes have also drawn great attention. 21, 22 Understanding the structure of polyelectrolyte brushes under various solution ionic conditions has a significant impact in various applications involving polyelectrolytes.
The polymer brush structure is formed when polymer chains are anchored to surfaces at high tethering densities. 23 With polyelectrolyte brushes, the charge of the monomer segments brings another level of complexity to the system due to not only the long-range electrostatic interactions but also the counterions, which directly interact with the charged monomer segments and play a crucial role in polyelectrolyte chain behaviors. The structure and properties of polyelectrolyte brushes are dramatically influenced by the surrounding environment, e.g., ionic strength, pH, and counterions. For weak (so-called annealed) polyelectrolyte brushes, the degree of ionization is a function of the solution pH and salt concentration, and a nonmonotonic behavior is observed by both experiments and theory. 13, 14, 24 For (so-called quenched) brushes formed by strong polyelectrolytes, the height of polyelectrolyte brushes is determined from the balance between the osmotic pressure of the counterions and the polyelectrolyte chain elasticity. 25 Scaling theory shows that for relatively dense and strongly charged brushes in relatively low ionic strength, the thickness of the brushes is independent of the grafting density and solution ionic strength. This regime is called the osmotic regime. In the osmotic regime, the thickness of the brush in θ-solvent is given by h ∼ Nf 0.5 , where N is the degree of polymerization of the polyelectrolyte chain and f is the fraction of charged monomers. At higher salt concentration, the brushes enter the so-called salted brush regime, in which the thickness of the brush follows Alexander Scaling form of the brush thickness in a good solvent, h ∼ Nf
, where σ is the grafting density and C s is the solution salt concentration. The existence of the osmotic and salted brush regimes has been validated experimentally. 26−28 Scaling theory predicts that the crossover of the two regimes occurs when the solution salt concentration C s equals the inner concentration of counterions C I in the brush; however, experimental results show that the transition from the osmotic to the salted brush regime required addition of only about 15−35% of C I to the solution due to the phenomenon of counterion condensation. 27, 29 Besides the ionic strength, the valency of the counterions also plays a critical role in the structure of polyelectrolyte brushes. Polyelectrolyte brushes experience a rapid shrinkage in brush height in the presence of multivalent counterions, which can greatly impact the functionality of the brushes. 30, 31 Considering the common existence of multivalent ions in biological systems and industrial formulations, a deep understanding of this collapsing behavior is of great importance to the field. We have previously shown by surface force apparatus (SFA) measurements on sparely tethered polystyrenesulfonate (PSS) brushes 30, 32 and by neutron reflectivity (NR) on densely tethered PSS brushes 33 that adding multivalent counterions to the solution, even at very low concentration, induces abrupt shrinkage of the PSS brushes. Strong adhesion force was also measured in our previous SFA experiments between two PSS brushes as a result of multivalent electrostatic bridging between chain segments. 30, 32 Many theoretical works have suggested that entropy is the driving force for the collapse of polyelectrolyte brushes in the presence of multivalent counterions, as the replacement of the monovalent counterions to trivalent counterions reduces the osmotic pressure of the counterions. 1, 31, 34 While providing an important contribution to lower the brush height, the osmotic pressure difference is insufficient to fully explain some brush behaviors in the presence of multivalent ions, such as the adhesion force between two brush-coated surfaces measured in our previous SFA experiments. 1, 32 These observations, however, can be explained by introducing a bridging contribution of the polyelectrolyte chains by the multiple charges on the multivalent counterions to a mean field model. 35 In this work we used the surface initiated atom transfer radical polymerization method to generate densely tethered PSS brushes. We investigated the structure of PSS brushes in the presence of multivalent counterions, including divalent Ca 2+ , Mg 2+ , and Ba 2+ and trivalent Y 3+ ions, using a combination of NR and SFA techniques.
EXPERIMENTAL SECTION
2.1. Materials. Sodium 4-vinylbenzenesulfonate (SSNa, technical, ≥90%), (3-aminopropyl)triethoxysilane (APTES, 99%), α-bromoisobutyryl bromide (BIBB, 98%), triethylamine (TEA, ≥99%), 2,2-bipyridyl (bpy, ≥99%), Cu(I)Br (99.999%), THF (anhydrous, 99.8%), methanol (≥99.9%), sodium nitrate (99%), magnesium nitrate hexahydrate (99%), calcium nitrate tetrahydrate (99%), barium nitrate (99%), and yttrium nitrate hexahydrate (99.8%) were purchased from Aldrich and used without further purification. Single-sided polished silicon wafers (100-oriented, 3 in. diameter, 5 mm thickness) were purchased from University Wafer (Boston, MA). Deionized water was prepared from a Millipore Milli-Q system with a resistivity of 18.2 MΩ·cm.
2.2. Synthesis of PSSNa Brushes. The synthesis of PSSNa polymer brush was performed via surface initiated atom transfer radical polymerization (SI-ATRP) using a reported procedure. 33 For silicon surface, a layer of APTES was first deposited onto a piranha cleaned silicon wafer via vapor deposition. For mica surfaces, the mica surfaces were treated using argon/water vapor plasma for 30 min to create hydroxyl groups on the mica surfaces before the APTES deposition. After annealing, an ATRP initiator, BIBB, was grafted to the APTES monolayer via solution phase deposition using THF as the solvent. SI-ATRP grafting of PSSNa was carried out in a 1:1 mixture of methanol and water solution (50 mL) with SSNa (5 g, 24.2 mmol), Cu(I)Br (35 mg, 0.24 mmol), and bpy (75 mg, 0.48 mmol) dissolved. The SI-ATRP method can give densely tethered PSS brushes with wellcontrolled brush height. X-ray reflectivity measurements show that the dry thickness of two PSS brushes used in our neutron reflectivity study are 24 and 25 nm (S Figure 1 and S Figure 2 ). The total dry thickness of two PSS brushes on mica surface is around 7 nm. The grafting density of the PSS brush is estimated to be about 0.1 chain/nm 2 on silicon surfaces and 0.025 chain/nm 2 on mica surfaces (Supporting Information). Mica is significantly more inert than silicon, and therefore the difference in polymer grafting density is expected.
2.3. X-ray Reflectivity. X-ray reflectivity measurements were conducted to measure the thickness of dry PSSNa films using a Bruker, D8 Advance X-ray reflectometer employing Cu Kα radiation at National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR) (Gaithersburg, MD). The copper source was operated at 40 kV and 40 mA, and the wavelength was 0.154 nm. The beam width was 10 mm, and the beam height was 0.1 mm.
2.4. Neutron Reflectivity. Neutron reflectivity (NR) measurements were performed at NCNR NIST on the NG7 horizontal reflectometer using an in-house-designed sample chamber, as shown in Scheme 1a. The reflected intensity was measured as a function of momentum transfer vector [q z = (4π sin(θ))/λ], where θ is the incident angle and λ = 0.475 nm is the neutron wavelength. D 2 O was used in all the NR experiments. The statistical error bars for reflectivity curves correspond to one standard deviation.
2.5. Reflectivity Data Analysis. Fitting of the neutron reflectivity data was achieved using a box model using MatLab. A custom model was developed for data analysis, whereby the PSS brush is split into three regions for the data sets from NaNO 3 , Mg(NO 3 ) 2 , and Ca(NO 3 ) 2 solutions and five regions for the data sets from Ba(NO 3 ) 2 and Y(NO 3 ) 3 solutions. A subphase and an incident medium are also required. Each of these regions is described by a thickness, roughness, and scattering length density (SLD) parameter.
2.6. Surface Forces Apparatus. The interaction between two PSS brushes grafted on mica surfaces was measured using a surface forces apparatus 2000 (SFA2000, SurForce LLC). Freshly cleaved mica sheets (∼2−5 μm) were glued to cylindrical glass disks (R = 2 cm) using UV-curable optical glue. The synthesis of PSS brush on mica surface is described in section 2.2. Interaction between two PSS brushes in solution was measured as a function of the distance between apposing mica surfaces in a cross-cylinder geometry (Scheme 1b), which is equivalent to a spherical surface on a flat surface. The approach and separation speed of our SFA measurements is about 4 nm/s. Upon changing solutions, the old solution in the SFA chamber was completely drained, and the SFA chamber was then flushed with the new solution three times to fully remove the old solution. All solutions were prepared using Milli-Q water with a resistivity of 18.2 MΩ cm. 33 The almost identical NR spectra ( Figure 1a and S Figure 3 ) measured at different salt concentrations indicate that the structure of the PSS brushes does not change significantly up to a salt concentration of 2 M. A noticeable change at the low q range of the NR spectra is measured on the NR spectra upon increasing the salt concentration to 3 M, and the change became more pronounced in 5 M NaNO 3 solution, as shown by the arrows in Figure 1b . The best-fitted scattering length density (SLD) profiles (Figure 1c ) of the brush reveal that the brush height remains as a constant in NaNO 3 solutions with up to 2 M monovalent salt. Above 2 M, the brush height decreases upon further increasing salt concentration. The SLD obtained from fitting is a function of the solvent (D 2 O), the PSS polymer, and the added salt: ρ = ρ s V s + ρ p V p + ρ c V c , in which ρ s , ρ p , and ρ c are the scattering length density of D 2 O, PSS, and Na + , respectively. V s , V p , and V c are the volume fraction of D 2 O, PSS, and Na + , respectively. We are not able to unambiguously obtain the volume faction profile of the PSS polymer due to (1) the strongly coupled density profiles of the PSS brush and the counterions and (2) nonideal mixture of three components in solution, which renders the additivity relationship of the scattering length density inaccurate. The latter factor becomes more pronounced upon adding multivalent counterions, which we will discuss in later sections. We therefore plot the SLD profiles obtained from fittings instead of the volume fraction of the polymer in this paper. Despite not being able to extract the volume fraction of the PSS brush, the SLD can still give quantitative information on the PSS polymer volume fraction in the brush, which is critical for resolving the structure of PSS brushes in different solution conditions. All the SLDs have a parabolic form, indicating that the volume fraction profiles of the PSS brush in monovalent NaNO 3 solutions are also parabolic. This agrees with the density profile of a polymer brush given by the self-consistent field theory. 36 We performed surface force apparatus (SFA) experiments to measure the interactions between two PSS brushes in NaNO 3 solutions with different salt concentrations to further explore the effect of monovalent salt to the structure change of the PSS brushes. 37 The dry thickness of the two PSS brushes is about 7 nm, which means that the thickness of each PSS brush is around 3.5 nm. The measured forces between two PSS brushes are purely repulsive for both compression and separation (Figure 2 ). At each particular salt concentration, the compression curve overlaps the separation curve very well, indicating that no appreciable hysteresis is observed in any of these experiments. The force profiles clearly show the influence of the external salt on the conformation of the PSS brush. The range of repulsion is almost a constant (∼400 nm) at very low NaNO 3 concentration (below 1 mM), evident of the osmotic regime. As the NaNO 3 concentration increases, the interaction range decreases, which is a sign of the shrinkage of PSS brushes in solutions of high NaNO 3 concentrations. The grafting density of the PSS chain on the mica surface is much lower than on the silicon surface, and therefore the osmotic to salted brush transition happens at a much lower salt concentration.
Scheme 1. Geometries of (a) Neutron Reflectivity and (b) Surface Forces Apparatus Measurements on PSS Brushes
To examine the scaling relationship between brush height and salt concentration, we plot the brush height versus NaNO 3 concentration measured by both NR and SFA in a log−log plot. For NR data, we take the distance at which the SLD value is 6.2 × 10 −6 Å −2 as the brush height; for the SFA data, we take the distance at which a significant amount of repulsion (1 mN/m) is measured as the thickness of two PSS brushes, and the brush height is half of this distance. Figure 3 clearly demonstrates that both NR and SFA data sets show the osmotic brush and salted brush regime. The brush height is nearly a constant and independent of the bulk NaNO 3 concentration in the osmotic brush regime at low salt concentration. While in the salted brush regime, above 0.03 M for the brushes used in SFA measurements and 2 M for the brush used in NR study, the brush height shrinks linearly upon the addition of NaNO 3 in the log−log plot. The slope of the linear regime is −0.29 ± 0.04 for brush heights obtained from NR fitting and −0.27 ± 0.01 for SFA results. Both values are close to the −1/3 value given by the scaling law.
3.2. Effect of Trivalent Counterions. The presence of multivalent counterions can cause abrupt change in the structure of polyelectrolyte brushes. We performed a series of titration experiments to investigate the effect of trivalent cation, Y 3+ , to the structure of the PSS brush using NR. We fixed the total ionic strength and varied the Y 3+ content by adjusting the mixing ratio of Y 3+ and Na + . 32 We first measured the NR in 6 mM NaNO 3 as the reference (Figure 4a) . The NR spectra do not show interference fringes due to a diffused interface. 
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Article the shape of the SLD profile is not parabolic anymore. A peak of the scattering length density arises near the middle of the film, demonstrating that the concentration of PSS segment is the highest near the center. The SLD of the PSS brush in 0.5 mM Y 3+ solution becomes more Gaussian-like with a peak value roughly at the center of the collapsed film.
The structural change of PSS brush introduced by Y 3+ is reversible. After introducing the collapse of the brush by adding 0.5 mM Y 3+ , the brush stayed in the collapsed state even when removing the Y 3+ in bulk solution by replacing the bulk solution with a 6 mM NaNO 3 solution (Figure 4c ). However, after immersing the collapsed brush in a solution of 3 M NaNO 3 for 30 min, the NR measured is almost identical to that from a PSS brush in a solution of 3 M NaNO 3 without any Y 3+ exposure (S Figure 4) . Upon lowering the NaNO 3 concentration to 6 mM, the brush returns to its extended state as indicated by NR. SLD profiles reveal that the PSS brush shrinks from 250 to 80 nm after adding 0.5 mM Y 3+ (Figure 4d) . Again, the SLDs show Gaussian-like profiles (Figure 4d ), indicative of a Gaussian-like profile of the PSS density in the collapsed state. Upon immersing the collapsed brush into a 3 M NaNO 3 solution, the brush height increases to 180 nm. Further decreasing the NaNO 3 concentration to 6 mM increases the brush height to about 200 nm.
Introducing trivalent Y 3+ cations dramatically changes the interactions between the PSS brushes in solution. Figure 5a shows shat at a fixed ionic strength, I 0 = 6 mM, a repulsive force is measured at a distance of about 400 nm between two PSS brushes in NaNO 3 solution. After replacing the NaNO 3 solution with a solution containing 0.01 mM Y(NO 3 ) 3 and 5.94 mM NaNO 3 , the repulsion range decreases to 260 nm. The repulsion range further decreases upon increasing the concentration of Y 3+ in solution to 0.1 mM. In contrast to the sparely tethered PSS brushes, the measured forces between two PSS brushes in the presence of Y 3+ are purely repulsive during the compression−separation cycle. However, in the presence of 0.1 and 1 mM Y 3+ , small hysteresis is measured between the compression and separation force curves. This small hysteresis is an indication of attractive interactions between the sulfonate groups and Y 3+ ions, possibly due to bridging introduced by Y
3+
. The lack of adhesion measured during the separation is possibly due to the effect of a high grafting density of the PSS brushes generated via SI-ATRP used in this study. The grafting density is of great importance to the interaction between two polyelectrolyte brushes and their functionality. At high grafting densities, it becomes more difficult for the interpenetration of the polyelectrolyte chains from two brushes. This chain interpenetration can increase the chance of multivalent counterion-mediated interchain bridging between two brushes and therefore gives rise to adhesion. 38, 39 Surface force measurements also reveal the reversible uptake and release of Y 3+ ions by PSS brushes in solution (Figure 5b ). Upon adding 100 mM Y(NO 3 ) 3 into the solution, the repulsion range of the force profile decreases from 350 to 80 nm. The repulsion range increases to about 150 nm after removing the Y 3+ from the bulk solution by replacing the Y(NO 3 ) 3 solution with a 6 mM NaNO 3 solution, indicating that a certain portion of the Y 3+ ions taken up by the PSS brushes stays within the brushes even when removing the free Y 3+ in the solution. However, after immersing the two PSS brushes in a 3 M NaNO 3 solution for half an hour and then repeating the same measurement in a 6 mM NaNO 3 solution, the repulsion range was shifted out to about 300 nm, which is very close to the range of repulsion measured from two PSS brushes without exposure to Y 3+ (350 nm). The recovery of the brush height indicates that the trivalent yttrium counterions taken up by the PSS brush are mostly released to the bulk solution when immersing the brush into a solution containing high concentration of monovalent salt.
3.3. Effect of Divalent Counterions. We compared the effect three divalent cations, Mg 2+ , Ca
2+
, and Ba 2+ , with the same anion, NO 3 − , to the structure of PSS brushes. NR of the PSS brush is first measured in a 3 mM NaNO 3 solution as a reference. Dramatic differences are observed on the reflectivity spectra of the PSS brush in solutions of the three cations. For Mg 2+ (Figure 6a ), no significant changes in NR are measured in Mg 2+ concentrations of 1, 33, and 100 mM. Noticeable changes are only measured at the highest concentration investigated, 1000 mM Mg
. Best-fitted SLD profiles show that brush height decreases with increasing Mg 2+ concentration with a trend similar to that measured in NaNO 3 solutions (Figure 6d ). During the shrinkage of the brush in Mg(NO 3 ) 2 solutions, the PSS density profiles have parabolic forms. Ca 2+ in solution causes more pronounced changes to PSS brushes at the same concentrations. Interference fringes on NR spectra are measured in a solution of 33 mM Ca 2+ . The fringes become clearer at higher Ca 2+ concentrations (333 and 1000 mM) (Figure 6b ). SLD profiles (Figure 6e ) suggest that the PSS brush undergoes a structural change from a swollen state to a collapsed state. The peak in the SLD profiles at collapsed state . Ba 2+ has the most dramatic effect on inducing the structural change of the PSS brush (Figure 6c ). Interference fringes are measured immediately upon adding 1 mM Ba 2+ into the solution. Increasing the Ba 2+ concentration to 33 mM does not significantly change the reflectivity spectra. Because of the relatively low solubility of Ba(NO 3 ) 2 (less than 100 mM), we did not conduct NR measurements at higher Ba 2+ concentrations. SLD profiles (Figure 6f ) again suggest that the PSS brush collapses into a denser layer, and the volume fraction of a collapsed PSS does not have a parabolic form. For the Ba 2+ data, we had to include two additional layers in our fitting model to get an excellent fitting of the NR spectra, which gives two peaks in the best-fitted SLD profile. We are not sure about the physical meaning of the two peaks in the SLD profile, but in any sense, it does not affect the overall conclusion that the structure of the PSS brush in the presence of Ba 2+ is very different from the structures of a PSS in Mg 2+ and Ca 2+ solutions.
DISCUSSION
4.1. Effect of the Multivalent Counterions. We summarize the normalized PSS brush height h/h 0 versus the concentration of all the multivalent counterions investigated in this work and in our previous NR work 33 using the same type of PSS brush in a log−log scale in Figure 7 . The concentration required to induce the shrinkage of PSS brushes is reduced by 5 orders of magnitude as the valency of the counterions goes from monovalent to trivalent, emphasizing the role of multivalent counterions on the structure of polyelectrolyte brushes. The three divalent counterions show a more complicated picture, which highlights the importance of ion specificity, as less than 1 mM Ba 2+ can cause the collapse of a PSS brush, whereas the value for Mg 2+ is between 0.1 and 1 M, differing by at least 2 orders of magnitude. We will come back to this ion specificity later.
The SLD profiles of collapsed PSS brushes reveal that multivalent counterions can lead to two different collapse structures. In the presence of Mg 2+ , the brush shrinks as a function of salt concentration. This is very similar to the height change of a PSS brush in monovalent NaNO 3 solutions. In solutions of both salts, the SLD profiles (Figures 1 and 6d) indicate that the polymer density profile has a parabolic form, which agrees with the self-consistent field theory. 36 However, in , and Ba 2+ at different concentrations. NR of the PSS brush in in D 2 O solutions of (a) 3 mM NaNO 3 , 1 mM, 33 mM, 100 mM, and 1000 mM Mg(NO 3 ) 2 ; in solutions of (b) 3 mM NaNO 3 , 1 mM, 33 mM, 333 mM, and 1000 mM; and in solutions of (c) 3 mM NaNO 3 , 1 mM, and 33 mM Ba(NO 3 , the SLD profiles (Figures 4 and 6e,f) point to a very different structure for the collapsed brushes. Instead of a parabolic form, the shape of the SLD is close to a Gaussian function. The presence of multivalent counterions leads effectively to a decrease of the solvent quality. 40 Zhulina et al. have suggested that in poor solvents polymer brushes can collapse into pinned micelles, which have a density profile similar to the one suggested by the SLD profiles of our measurements. 41, 42 Similar polymer density profiles have also been observed in molecular dynamics (MD) simulations 43, 44 and density functional theory (DFT) calculations 34 for polyelectrolyte brushes in the presence of trivalent counterions. We believe this uneven shrinkage of the PSS brush is due to a combined effect of the diffusion of multivalent counterions into the PSS brush layer and the cross-linking of the PSS segments induced by the multivalent counterions. As the Y 3+ ions diffuse into the brush layer, they start to introduce electrostatic cross-linking among the nearby PSS segments. The cross-links give rise to geometric constraints to the PSS chains, which can lead to the pinned micelle structure, as shown in Figure 8b . 4.2. Reversal Uptake and Release of Multivalent Counterions. Our NR and SFA results unambiguously show that the reversible change of the PSS brush structure is caused by a reversible uptake and release of multivalent counterions upon changing solution ionic environment, as shown in Figure  8 . When the ionic strength of the solution environment is low, the PSS brush takes up the Y 3+ ions (and other multivalent cations), causing the collapse of the brush. At high concentrations of monovalent salt, the Y 3+ ions get released from the PSS brush, and the PSS brush recovers its height, as shown in Figure 8c . Although we mainly used Y 3+ to demonstrate this reversible uptake, the general conclusion also holds for Ca 2+ (S Figure 5 ) and other divalent cations investigated in this work. Previously, we have shown other trivalent ions, including Ru(NH 3 ) 6 3+ and La
3+
, can also be reversibly taken up and released by physisorbed, sparely tethered PSS brushes. 32 This reversible uptake mechanism not only shows the importance of multivalent counterions to the structure of polyelectrolyte brushes but also demonstrates the potential of creating multivalent counterion mediated stimulate-responsive materials.
4.3. Importance of Ion Specificity. We observed strong ion specific effects with the divalent cations to the structure of PSS brushes. SLD profiles shown in Figure 9 reveal that the PSS brush is in the swollen state in 33 mM Mg 2+ , whereas the brush is in the collapsed state in 33 mM Ba 2+ . The dramatic differences in the NR spectra (Figure 6a −c) and SLD ( Figure  9 ) profiles of the PSS brush in Mg 2+ , Ca
2+
, and Ba 2+ solutions with the same concentration strongly suggest that the collapse of PSS brushes in the presence of divalent cations is not purely entropic. While the ion exchange process between the monovalent counterions and divalent counterions is driven entropically, the enthalpic binding strength between the sulfonate group and the divalent cation is of great importance to the structural change of the PSS. The significance of the binding strength between cations and anions is often ignored in many polyelectrolyte models based on Poisson−Boltzmann or 
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Article Debye−Huckel theories, which treat ions as point charges and only take into account the electrostatic interactions between the ions. 24, 31, 45 Naturally, the valence state of the counterions plays a significant role in behaviors of polyelectrolytes. There are however, other factors that come into play, such as the sizes and charge densities of the counterions as well as their corresponding hydration radii. 46 The tendency of the three divalent cations in introducing structural change of the PSS brushes follows the trend of ionic radii: Mg 2+ < Ca 2+ < Ba 2+ . Specific ion effects are ubiquitous in chemistry and biology. Ions in the Hofmeister series exhibit different ability to dissolve or precipitate proteins. 47, 48 Anomalous X-ray reflectivity measurements have shown the different divalent cations can adsorb on mineral surfaces very differently. 49 Surface force measurements by SFA and atomic force microscopy (AFM) have also observed ion specific effects on mica surfaces, phospholipid membranes, and DNAs. 50−53 Many of these effects are related to the size of the ions, and the ion hydration that may strongly influence the cation−anion interaction. 47, 49, 53 Our NR results clearly show the importance of ion specificity, yet our understanding on the specific ion effect on the structure of polyelectrolyte brushes is in its infancy. There still remains a great deal to be learned from this important subject.
CONCLUSION
We have systematically investigated the effects of monovalent, divalent, and trivalent counterions on the structure of densely tethered PSS brushes generated from SI-ATRP. Our NR and SFA results unambiguously show that PSS polyelectrolyte brushes are able to reversibly change from an extended state to a collapsed state in the presence of multivalent counterions. Divalent cations, including Mg 2+ , Ca
2+
, and Ba 2+ , show strong ion specific effects that relate to the specific interactions between the positively charged cations and the negatively charged sulfonate groups. Our results demonstrate that the structure of polyelectrolyte brushes can be tuned by the reversible uptake and release of different multivalent counterions and highlight the importance of ion specificity to the structure of polyelectrolyte brushes in solution. We believe that this work can have a significant impact in a wide range of applications involving polyelectrolytes, ranging from colloidal systems to responsive and tunable materials to drug delivery, especially in media containing multivalent ions. 
Macromolecules
Article
